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SUMMARY 
During t h e  first f e w  seconds of t he  space s h u t t l e  t r a j e c t o r y ,  t he  s o l i d  
rocke t  boos te rs  w i l l  be i n  t h e  proximity of  t h e  launch pad. Because of  t h e  
launch pad s t r u c t u r e s  and t h e  s u r f a c e  of  t he  Ear th ,  t h e  t u r b u l e n t  mixing 
experienced by t h e  exhaust  gases w i l l  be g r e a t l y  increased  over  tha t  f o r  t h e  
free-flight s i t u a t i o n .  I n  a d d i t i o n ,  a system w i l l  be p r e s e n t ,  designed t o  pro- 
tect  t h e  l i f t i n g  v e h i c l e  from launch s t r u c t u r e  v i b r a t i o n s ,  which w i l l  i n j e c t  
large q u a n t i t i e s  of  l i q u i d  water i n t o  t h e  ho t  plume. This  r e p o r t  s t u d i e s  t h e  
effects of  t hese  two phenomena on the  temperatures ,  chemical composition, and 
flow f i e l d  p resen t  i n  t he  a f t e r b u r n i n g  s o l i d  rocke t  motor exhaust  plumes of t h e  
space s h u t t l e .  The s tudy inc ludes  r e s u l t s  from both a computat ional  model of  
t h e  a f t e r b u r n i n g  and suppor t ing  measurements from T i t a n  I11 exhaust  plumes 
taken  a t  Kennedy Space Center w i t h  i n f r a r e d  scanning radiometers .  
INTRODUCTION 
A s  p a r t  of  a cont inuing  assessment of t h e  environmental  e f f e c t s  of  space 
s h u t t l e  o p e r a t i o n s ,  t h e  Nat iona l  Aeronaut ics  and Space Adminis t ra t ion has been 
s tudying  t h e  formation and behavior  of  rocket  exhaust  c louds  from s o l i d  pro- 
p e l l a n t  rocke t  motors. Although informat ion  i s  r e a d i l y  a v a i l a b l e  as t o  t he  
composition of  the rocket  exhaust  as it l eaves  t h e  motor 's  nozz le  e x i t  plane 
(see,  f o r  example, r e f .  I ) ,  s i g n i f i c a n t  changes occur  i n  t h e  composition of t h e  
plume as these hot  exhaust  products  a f t e r b u r n  i n  the  atmosphere. An understand- 
i n g  of these a f t e r b u r n i n g  processes  is necessary s o  t h a t  a re l iable  source  term 
can be formed which w i l l  s e rve  as i n p u t  t o  d i f f u s i o n  models and form a basis 
f o r  determining which products  are of eco log ica l  s i g n i f i c a n c e .  The purpose of 
t h i s  s tudy is  t o  p r e d i c t  a source term f o r  those  exhaust  products  which are 
released i n  t h e  proximity of t h e  launch pad. 
From free-f l ight  c a l c u l a t i o n s  it i s  known t h a t  the  s o l i d  p rope l l an t  motors 
of t h e  s h u t t l e  w i l l  release s u b s t a n t i a l  q u a n t i t i e s  of such gases as HC1 and NO 
i n t o  t h e  t roposphere and t h a t  material r e l eased  below t h e  l o c a l  i nve r s ion  
l a y e r  w i l l  r i se  t o  form a s t a b i l i z e d  exhaust  cloud. Approximately two-thirds  
of t h i s  material is  released i n  plumes whose a f t e r b u r n i n g  p r o p e r t i e s  can be said 
t o  occur under f r e e - f l i g h t  cond i t ions .  The remaining material is  released c l o s e  
enough t o  t h e  ground and launch pad s t r u c t u r e s  t o  n e c e s s i t a t e  a separate con- 
s i d e r a t i o n  of  a f t e r b u r n i n g  w i t h  boundary cond i t ions  d i s t i n c t  from those  of f r e e  
f l i g h t .  
S tud ie s  of t h e  a f t e rbu rn ing  processes  occur r ing  wi th in  t he  plumes of  t h e  
T i t an  I11 and s h u t t l e  s o l i d  rocke t  motors i n  free f l i g h t  were repor t ed  i n  r e f -  
e rences  2 and 3 .  These s t u d i e s  inc luded  temperature  and v e l o c i t y  d i s t r i b u t i o n s  
w i t h i n  t h e  plume as w e l l  as an  a n a l y s i s  of  the major chemical c o n s t i t u e n t s .  
The a l t i t u d e  range considered i n  t h e s e  s t u d i e s  was from 0.7 t o  15 km. Below 
an a l t i t u d e  of roughly 0.5 km, free-fl ight t u r b u l e n t  mixing rates and o rd i -  
nary atmospheric boundary cond i t ions  can no longer  be cons idered  v a l i d .  The 
i n t e r a c t i o n  o f  t h e  exhaust plume with the  launch pad s t r u c t u r e s ,  t h e  flame 
t rench  and a s s o c i a t e d  "deluge" water, and t h e  E a r t h ' s  surface may a l l  have 
major effects on a f t e rbu rn ing .  
The d i f f e r e n c e s  between a f t e r b u r n i n g  near  t he  launch pad and i n  free 
f l i g h t  t h a t  are considered i n  t h i s  s tudy  can be  classified i n t o  two main cate- 
g o r i e s .  The first is t h a t  t h e  rate o f  t u r b u l e n t  mixing o f  a i r  i n t o  t h e  plume 
is s i g n i f i c a n t l y  increased  as a r e s u l t  o f  t h e  gases which flow ou t  o f  t h e  noz- 
z l e  and h i t  t he  pad d e f l e c t o r s  and s t r u c t u r e s .  The o t h e r  s i g n i f i c a n t  occur- 
rence which affects  only e a r l y  launch a f t e r b u r n i n g  of  t h e  space s h u t t l e  is t h e  
i n i t i a t i o n  a t  a few seconds before  l i f t - o f f  o f  t he  so-ca l led  "acous t ic  water 
suppression system." This  a c o u s t i c  water system is descr ibed  i n  f i g u r e  1 .  The 
basic purpose of  t h e  system is t o  p r o t e c t  t h e  v e h i c l e  from v i b r a t i o n s  i n  t he  
launch pad s t r u c t u r e s  caused by s t rong  v i b r a t i o n s  set up by the  motors of  t h e  
s h u t t l e  boos te rs .  These v i b r a t i o n s  are t o  be suppressed by i n j e c t i n g  large 
q u a n t i t i e s  of  water i n t o  the  gas  flow from t h e  motor. T h i s  i n j e c t i o n  w i l l  
occur  near  t h e  f i r i n g  pad and i n  t h e  flame t rench .  The flame t rench  is a large 
open p i t  r e in fo rced  by concre te  which runs  under t h e  f i r i n g  pad and which chan- 
n e l s  t h e  a f t e r b u r n i n g  gases away from t h e  launch area. For t h e  space s h u t t l e ,  
t h e  s o l i d  rocke t  motor gases w i l l  t r a v e l  a pa th  through t h e  t rench  which is  
about  80 m i n  l eng th .  
Present  p l ans  are t h a t  a t  4 seconds before  launch water w i l l  be i n j e c t e d  
under t he  f i r i n g  pad and i n t o  the  flame t rench  a t  a rate o f  16 000 R/sec on t h e  
s o l i d  motor s i d e  ( f i g .  1)  u n t i l  a t  least  8 seconds a f t e r  l i f t - o f f .  T h i s  r a t e  
r e p r e s e n t s  a mass flow rate of  about  16 000 kg/sec from l i f t - o f f  through t h i s  
pe r iod ;  and a large percentage of  t h i s  f low w i l l  be  en t r a ined  i n t o  t h e  plume. 
The mass flow rate  o f  t he  plume is  somewhat less  than t h i s  ra te ,  being roughly 
10 000 kg/sec. 
Although the  effect  o f  water i n j e c t i o n  on a f t e r b u r n i n g  occurs  p r imar i ly  
through temperature quenching, the effect  is a l s o  c l o s e l y  coupled t o  the  t u r -  
bu len t  mixing processes .  Since mod i f i ca t ions  t o  t h e  basic phys ica l  model are 
requi red  t o  account f o r  t h i s  two-phase f low,  t h e  water i n j e c t i o n  problem was 
s tud ied  first. The fol lowing s e c t i o n s  d e s c r i b e  t h e  b a s i c  numerical  plume model 
and t h e  development o f  a s imple k i n e t i c  rate model for water i n j e c t i o n .  R e s u l t s  
showing t h e  effects  o f  en t r a ined  water on a f t e r b u r n i n g  are presented along w i t h  
an assessment of  t h e  accuracy o f  t h e  water i n j e c t i o n  model. Cor re l a t ions  are 
then made wi th  scanning i n f r a r e d  radiometer  photographs o f  a c t u a l  T i t an  I11 
plumes t o  determine the  magnitude and effects  o f  t h e  enhanced t u r b u l e n t  mixing 
based on a s imple mixing l eng th  model. 
SYMBOLS 
A area of  plume 
a speed of  sound 
C rate of  r a d i u s  of  d r o p l e t  reduct ion  
D d i f f u s i o n  c o e f f i c i e n t  of  water i n  a i r  near  d r o p l e t  
2 
k f 
L 
M 
*A 
P r  
POJ 
R 
Rg 
r 
r0 
T 
t 
Y 
c1 
u 
Pmix 
Pr 
PaY 
func t ion  
thermal  conduc t iv i ty  
forward r e a c t i o n  rate 
hea t  o f  vapor i za t ion  o f  water 
a r b i t r a r y  t h i r d  body i n  a t h r e e  body r educ t ion ,  a l s o  Mach number 
mass 
Avogadro's number 
p re s su re  a t  d r o p l e t  s u r f a c e  
pressure  far from d r o p l e t  s u r f a c e  
r a d i u s  of  nozz le  
u n i v e r s a l  gas cons t an t  
r a d i u s  of  water d r o p l e t  
r a d i u s  o f  d r o p l e t  a t  f i n a l  time 
rad ius  o f  d r o p l e t  a t  time t = 0 
temperature 
time 
f i n a l  t i m e  
v e l o c i t y  of  plume gases  
molecular weight o f  mixture  of  exhaust  gases and a i r  
mole f r a c t i o n ;  s u b s c r i p t  denotes  compound 
d i s t a n c e  measured r a d i a l l y  
s c a l i n g  f a c t o r  f o r  v i s c o s i t y  
co f f i c i e n t  o f  v i s c o s i t y  
dens i ty  of  mixture  of  exhaust  gases and a i r  
d e n s i t y  of  water a t  d r o p l e t  s u r f a c e  
dens i ty  o f  water far from d r o p l e t  s u r f a c e  
tf 
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Subsc r ip t s  : 
C i n n e r  core 
dv developed region o f  mixing 
r a t  r a d i u s  o f  d r o p l e t  
OD far beyond r a d i u s  o f  d r o p l e t  
MODEL DEVELOPMENT 
B a s i c  Numerical Model 
The basic numerical  model used t o  s imula t e  t he  a f t e r b u r n i n g  processes  is 
the  low-a l t i tude  plume program (LAPP) code. (See re f .  4.) This  is a s teady-  
state axisymmetric code which couples  the effect o f  k i n e t i c  rate chemistry t o  
t u r b u l e n t l y  mixing f l u i d  flows. The code uses  an e x p l i c i t - i m p l i c i t  f i n i t e -  
d i f f e r e n c i n g  scheme t o  "marcht1 downstream o f  t he  nozz le  e x i t  plane.  
A s  i n p u t s  t o  the  code, it is necessary  t o  s p e c i f y  t he  cond i t ions  a t  the  
nozz le  e x i t  plane as well as the  cond i t ions  of  t he  unperturbed atmosphere i n t o  
which the nozz le  gases are flowing. The number o f  s p e c i e s  i n  t h e  plume, t h e  
chemical r e a c t i o n s  which they  undergo, and t h e  r e a c t i o n  rate c o e f f i c i e n t s  must 
be included.  It is a l s o  necessary  t o  s p e c i f y  t h e  rate of  t u r b u l e n t  mixing. 
The LAPP code con ta ins  s e v e r a l  o p t i o n s  f o r  t u r b u l e n t  mixing models. The 
model used i n  t h i s  s tudy  is t h e  Donaldson-Gray model (ref.  5 )  which was chosen 
because of  i ts s u c c e s s f u l  use i n  p r i o r  s t u d i e s  ( r e f .  6 ) .  The Donaldson-Gray 
model con ta ins  an undetermined mixing c o e f f i c i e n t  which is  usua l ly  set equa l  
t o  u n i t y  under t ropospher ic  free-fl ight cond i t ions .  T h i s  parameter is  referred 
t o  as a. Later i n  t h i s  s tudy ,  a reasonable  va lue  f o r  t h i s  c o e f f i c i e n t  i n  t h e  
h ighly  t u r b u l e n t  f low near the  launch pad was determined. 
A s  d iscussed i n  the  TIIn t roduct ion , l l  water is i n j e c t e d  i n t o  s t r u c t u r e s  
beneath the  pad a t  a rate of  16 000 kg/sec s t a r t i n g  a t  4 seconds p r i o r  t o  
launch. When the  a c t u a l  f i r i n g  of t h e  s o l i d  motors occurs ,  these gases w i l l  
e s s e n t i a l l y  be flowing i n t o  a lTlakefl of  water. Much of  t h e  water w i l l  be 
en t r a ined  i n t o  the plume which, i n  t u r n ,  w i l l  vapor i ze  t he  water i n t o  steam. 
This  h ighly  endothermic vapor iza t ion  r e a c t i o n  (2261 J/g) w i l l  tend t o  quench 
some o f  t h e  high temperature a f t e rbu rn ing .  
I n  f i g u r e  2 the  importance of t he  phase change is shown f o r  t h e  p r e l i m i -  
nary  case of a plume whose e x i t  plane c o n s t i t u e n t s  are p r e c i s e l y  those  of  a 
s h u t t l e  SRM, but  where no chemical r e a c t i o n s  are allowed t o  take place. I n  
t h i s  i n e r t  plume, a l l  cool ing  takes place by the  mixing of' a coo l  subs tance  
wi th  a w a r m  subs tance  and only nonchemical heat t r a n s f e r  takes p lace .  I n  t he  
c a l c u l a t i o n s  l ead ing  up t o  t h i s  f i g u r e ,  t h e  phase change was included by us ing  
an e a r l y  thermodynamic equi l ibr ium model. I n  t h i s  f i g u r e  is  p l o t t e d  the  tem- 
pe ra tu re  a long the  plume c e n t e r  l i n e  as a func t ion  of  d i s t a n c e  downstream of  
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the nozz le  e x i t  plane. A s  can be seen ,  where the  phase change was presen t  
( w i t h  l i q u i d  water i n  t he  atmosphere) ,  the cool ing  took p l ace  s i g n i f i c a n t l y  
faster than w i t h  a i r  only  o r  a i r  p l u s  water vapor.  It w a s  t hus  considered 
important  t o  treat the phase change i n  any set of  detailed c a l c u l a t i o n s .  
The LAPP code makes the assumption t h a t  a l l  subs tances  i n  t he  plume are 
ideal gases .  C lea r ly ,  f o r  t h e  s tudy  under cons ide ra t ion  where l i q u i d  water is 
vaporized,  such a s i n g l e  phase model is inadequate ,  After i n v e s t i g a t i n g  s e v e r a l  
a l t e r n a t e  approaches,  i t  was decided t o  inc lude  the  effects  o f  the a c o u s t i c  sup- 
p re s s ion  water by having a mixture  of  a i r  and l i q u i d  water en t r a ined  i n t o  the 
plume i n  t he  first 80 m ( t h e  path l e n g t h  o f  t he  flow f i e l d  from the nozz le  a t  
the  pad through the flame t r ench)  and e n t r a i n i n g  pure a i r  from 80 m u n t i l  t h e  
problem te rmina tes  about  1 km downstream o f  t he  e x i t  p lane .  
To account f o r  t he  phase change dur ing  evapora t ion ,  l i q u i d  water is con- 
sidered a new chemical species which obeys the  equat ion  o f  state of a p e r f e e t  
gas as  requi red  by the code, b u t  w i t h  thermodynamic p r o p e r t i e s  (heat capac i ty ,  
specif ic  en tha lpy ,  e t c . )  a p p r o p r i a t e  t o  l i q u i d  water below 373 K and appro- 
p r i a t e  t o  water vapor above 373 K .  The heat of vapor i za t ion  is included by 
means o f  an imaginary chemical r eac t ion :  
Liquid water + M --e H20 + M 
i r r e v e r s i b l y  
( l a )  
This  r e a c t i o n  is  endothermic,  40.70 kJ/mole, which is t h e  heat of  vapor- 
i z a t i o n  o f  a mole of l i q u i d  water. M is an  a r b i t r a r y  t h i r d  body. 
It was found dur ing  t h e  course  of  the  i n v e s t i g a t i o n  t h a t  because of  t h e  
preponderance and s t a b i l i t y  o f  t he  N 2  molecule,  
Liquid water + N 2  - H20 + N 2  
i r r e v e r s i b l y  
( l b )  
could be used w i t h  n e g l i g i b l e  d i f f e r e n c e s  i n  the  r e s u l t s .  
Rat e Coe f f i c i  e n t  Ca lcu la t ion  
I n  a d d i t i o n  t o  s p e c i f y i n g  the  c o n s t i t u e n t s  of  a r e a c t i o n ,  i t  i s  a l s o  
necessary t o  denote  t h e  va lue  o f  t he  r e a c t i o n  rate c o e f f i c i e n t  a p p r o p r i a t e  t o  
t he  r e a c t i o n .  The r e a c t i o n  rate c o e f f i c i e n t  appropr i a t e  t o  equat ion  ( I b )  is  
c a l c u l a t e d  as fol lows:  
L e t  Xl iquid water equa l  t h e  mole f r a c t i o n  O f  l i q u i d  water and X N ~  equa l  t h e  
mole f r a c t i o n  of N2. 
(ref.  41, it can be deduced tha t  
From the formula t ion  o f  t h e  chemistry i n  t h e  LAPP code 
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where NA is  Avogadro's number, k f ( T )  is the  unknown forward r e a c t i o n  rate 
c o e f f i c i e n t  dependent upon temperature  T,  t is time, Pmix is  t h e  d e n s i t y  
of the  mixture ,  and Wmix is the  molecular weight o f  the mixture of  plume 
gases, a i r ,  and water. 
Throughout the wide range o f  phys i ca l  and thermodynamic cond i t ions  encoun- 
tered i n  t h i s  s tudy ,  it was i n v a r i a b l y  found t h a t  the overwhelming preponder- 
ence of  l i q u i d  t o  vapor t r a n s i t i o n  occurred i n  the  stream tube  most d i s t a n t  from 
the  c e n t e r  l i n e  w i t h  a temperature  above 373 K .  It was f u r t h e r  observed t h a t  
many q u a n t i t i e s  i n  the  stream tube  were r e l a t i v e l y  cons t an t .  For example, 
Wmix s t ays  wi th in  10 percent  o f  27 g/mole, Pmix s tays  wi th in  10 percen t  o f  
1 mg/cm3, and X N ~  s tays  wi th in  20 percent  o f  0.8. These r e s u l t s  hold f o r  a l l  
va lues  of  downstream d i s t a n c e .  Using these va lues  s i m p l i f i e s  the  rate expres- 
s ion  t o  
Since more than 98 percent  o f  a l l  vapor i za t ion  takes p lace  i n  the  ou te r -  
is f ixed  i n  t h i s  stream tube ,  t h e  behavior o f  t h e  
most stream tube  a t  a temperature of  approximately 373 K ,  it is no t  s u r p r i s i n g  
t h a t  once t h e  va lue  o f  
plume is r e l a t i v e l y  i n s e n s i t i v e  t o  the  temperature  dependence of 
h igher  temperature stream tubes .  Severa l  d i f f e r e n t  forms o f  k f (T)  were t r ied  
and included : 
kf  
kf i n  t h e  
ky (T)  = kf(373 K )  ( 2  1 
Using equat ions  (3 )  and ( 4 )  was found t o  be somewhat more expensive compu- 
t a t i o n a l l y  than us ing  equat ion  ( 2 )  and d i d  no t  affect  plume behavior  s i g n i f i -  
can t ly .  k f ( T )  = kf(373 K ) @  (eq .  ( 2 ) )  was used throughout the  s tudy.  Hence, 
By us ing  the  form of t h e  rate c o e f f i c i e n t  descr ibed  and assuming a va lue  
kf(373 K ) ,  t h e  model p r e d i c t s  a s p e c i f i c  "e-folding" time ( o r  time t o  f o r  
reach l /e times its o r i g i n a l  va lue )  f o r  water evapora t ion  a t  every po in t  i n  t he  
flow f i e l d .  Examples o f  these times are given i n  table I. To determine t h e  
proper  va lue  of  
e-folding time is for water d r o p l e t s  evapora t ing  i n  t h i s  s i t u a t i o n .  This  ques- 
t i o n  is treated i n  the  next  s ec t ion .  
kf(373 K ) ,  it is necessary t o  have some idea o f  what t h e  t r u e  
Heat and Mass Transfer  i n  Water Drople ts  
I n  t h i s  s e c t i o n  an at tempt  is made t o  p r e d i c t  t he  rate o f  evaporat ion o f  
water d r o p l e t s .  T h i s  s tudy fol lows c l o s e l y  the techniques developed i n  refer- 
ence 7. The basic assumptions i n  t h i s  c a l c u l a t i o n  are t h a t  (1 )  t he  heat flow- 
ing  i n t o  the  d r o p l e t  from the  carrier gas is equal  t o  t h e  heat l o s t  by the  
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d r o p l e t  through evapora t ion ,  and (2) the  mass flow from the d r o p l e t  can be 
viewed as a d i f f u s i o n  process .  
The hea t  t r a n s f e r r e d  i n t o  a d r o p l e t  o f  r a d i u s  r w i t h  thermal conduc- 
t i v i t y  K ,  and a s u r f a c e  temperature  T r  from a carrier gas w i t h  temperature  
T, w i l l  be given by 4?TKr(T, - T r ) .  Equating t h i s  r e l a t i o n  t o  the heat l o s t  
by the  d r o p l e t  through evapora t ion  
where L is the  heat o f  vapor i za t ion  o f  the water. 
If water molecules are thought  o f  as l eav ing  the  su r face  as a r e s u l t  of  a 
d i f f u s i o n  process ,  then 
where D is the  d i f f u s i o n  c o e f f i c i e n t  o f  water i n  a i r  near  the  d r o p l e t ,  pr 
is the  d e n s i t y  o f  water a t  t he  s u r f a c e  of  t h e  d r o p l e t ,  and 
o f  water a t  a d i s t a n c e  large compared wi th  r.  
p, is the  d e n s i t y  
T h i s  model n e g l e c t s  t he  phenomenon o f  s u r f a c e  t ens ion  and p o s s i b l e  s p a l l -  
a t i o n  o f  the  d r o p l e t .  S ince  t h e  LAPP code assumes a l l  p a r t i c l e s  and gases flow 
a t  t h e  same speed i n  each stream tube ,  conduction effects  are a l s o  neglec ted .  
The technique j u s t  described is most appropr i a t e  f o r  a qu ie scen t  moderate t e m -  
p e r a t u r e  medium rather than the  h o t  t u r b u l e n t  edge of  a rocke t  plume. Never- 
theless,  s i n c e  d i f f u s i o n  and heat t r a n s f e r  w i th in  t h e  d r o p l e t  are dominant 
p rocesses ,  the  r e s u l t a n t  e - fo ld ing  t i m e  should be reasonable .  
Equating dm/dt i n  equa t ions  ( 6 )  and ( 7 )  and us ing  the  ideal  gas equat ion 
t o  de f ine  p r  and p, r e s u l t s  f n  t h e  fol lowing equat ion:  
where 
K = 2.6 x J/cm-K-sec 
Rg = Gas cons tan t  
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L = 2.26 x lo3 J/g 
D = 0.219 cm2/sec 
The q u a n t i t y  p,/T, is assumed small compared w i t h  Pr/Tr and t h e  term is 
dropped. 
The undetermined q u a n t i t y  is T r  o r  more a p p r o p r i a t e l y  T r  - T, t he  
d r i v i n g  f o r c e  behind the  heat t r a n s f e r .  
By assuming t h a t  p r  is the  s a t u r a t i o n  vapor p re s su re  o f  water a t  t h e  
d r o p l e t  temperature  T r ,  and by consu l t ing  a p p r o p r i a t e  vapor p re s su re  tables, 
Tr - T, is  found t o  be about  85 K .  
By assuming a p a r t i c l e  d e n s i t y  of  1 g/cm3. f o r  water, equat ion  ( 6 )  becomes 
d r  
d t  
-Lr - s k(T, - T r )  
Under the assumptions t h a t  L,  K ,  and T, - Tr are cons t an t  wi th  respect t o  
time, i n t e g r a t i o n  o f  equat ion ( 9 )  imp l i e s  t h a t  
r 2  = ro2 - C t  ( I O )  
where 
I n  t h i s  case 
C = 1956 (pmI2/sec 
As a working d e f i n i t i o n  o f  evapora t ion ,  a d r o p l e t  w i l l  be s a i d  t o  have 
evaporated when its volume has reached approximately 1 pe rcen t  of  its o r i g i n a l  
volume. 
I n  terms o f  r a d i i  
Since e-4 = 0.01, t h i s  cond i t ion  corresponds t o  4 e-folding times. 
ro = rf = 4.65rf (12)  
Equations ( I O )  t o  (12)  lead t o  the  conclus ion  tha t  t he  rate of  evapora- 
t i o n  depends on t h e  i n i t i a l  s i z e  of the d r o p l e t .  I n  t a b l e  I1 i s  presented  the  
evaporat ion time as ca l cu la t ed  from these equa t ions  as a func t ion  of  i n i t i a l  
par t ic le  r a d i u s .  
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Water d r o p l e t s  from spray  nozz le s  such as the ones used i n  the  a c o u s t i c  
suppress ion  system g e n e r a l l y  range anywhere from 10 pm t o  0.5 cm. As shown 
i n  t a b l e  11, t h i s  va lue  corresponds t o  evaporat ion times from 50 msec t o  
extremely long  times. I n  t h e  system a t  Kennedy Space Center t he  large end o f  
t h e  d r o p l e t  s i z e  spectrum w i l l  probably be dominant. By comparing t h e  e-folding 
times i n  table I with the  va lues  i n  table 11, t h e  a p p r o p r i a t e  rate c o e f f i c i e n t s  
are deduced as fi or lower.  
These r e s u l t s  must be used w i t h  a great deal o f  cau t ion .  For p a r t i c l e s  
larger than a f e w  hundred micrometers,  the moving o f  mass away from t h e  water 
d r o p l e t  by d i f f u s i o n  is a seve re  l i m i t a t i o n .  The medium i n  which t h e  p a r t i c l e s  
move is i n  t u r b u l e n t  motion, large thermal g r a d i e n t s  e x i s t  i n  the  reg ions  under 
cons ide ra t ion  - far larger than t h e  d i f f e r e n c e  between d r o p l e t  temperatures  and 
373 K - and c o l l i s i o n s  occur .  A l l  these effects are neglec ted  i n  the  heat flow 
and d i f f u s i o n  c a l c u l a t i o n  made. 
For t h i s  reason ,  e r r o r  bands of  a f a c t o r  o f  IO3 are put  on t h e  va lue  o f  k f ,  
and the  water entrainment  effects were s tud ied  w i t h  
and as low as Most a t t empt s  t o  run the  c a l c u l a t i o n  w i t h  kf(373 K )  h igher  
than  were f r u s t r a t e d  by t h e  p r o h i b i t i v e  amount o f  computer time necessary 
t o  run these fas ter  cases. S ince  large d r o p l e t  s i z e s  are a n t i c i p a t e d ,  t h e  lower 
rate c o e f f i c i e n t s  w i l l  apply  t o  most d r o p l e t s .  
k f (373  K )  as  high as 
MODELING RESULTS 
Water Entrainment Ca lcu la t ion  
Four cases o f  a c o u s t i c  water i n j e c t i o n  were s tud ied .  The first was an 
excess  water flow cond i t ion  which is  appropr i a t e  f o r  the  i n i t i a l  f i r i n g  where 
there is a large excess  o f  water i n  the flame t rench .  Here a mass flow of  
water equal  t o  twice t h e  mass flow o f  t h e  exhaust  gases is en t r a ined  i n t o  t h e  
plume i n  t h e  first 20 m. Another case s tud ied  was t h e  matched flow condi t ion  
where t h e  amount o f  water en t r a ined  w a s  equal  i n  mass flow t o  t h e  exhaust  gas 
flow. T h i s  is roughly appropr i a t e  f o r  a f e w  seconds a f t e r  l i f t - o f f .  Cases f o r  
one-half and one-quarter o f  t h e  mass flow o f  t h e  gas were a l s o  s t u d i e d .  I n  every 
case an a d d i t i o n a l  one-third of  t h e  va lue  of  mass flow is en t r a ined  from 20 t o  
80 m because of  a d d i t i o n a l  water i n j e c t i o n .  
Among t h e  primary effects  o f  the  suppression of  a f t e r b u r n i n g  as a r e s u l t  
o f  t h e  quenching water is tha t  increased  amounts o f  carbon monoxide su rv ive  t h e  
a f t e r b u r n i n g  process  over the  free-fl ight case. To o b t a i n  an estimate of  t h i s  
i n c r e a s e  t h a t  would tend t o  be conserva t ive  from an  environmental  or s a f e t y  
s t andpo in t ,  the  high va lue  o f  kf(373 K )  = was used - in  a detailed set  
o f  c a l c u l a t i o n s .  The chemical r e a c t i o n  scheme bes ides  t h a t  o f  t h e  water evap- 
o r a t i o n  r e a c t i o n  c o n s i s t s  o f  22 r e a c t i o n s  involv ing  18 chemical spec ie s .  These 
r e a c t i o n s  and the i r  rate c o e f f i c i e n t s  are presented i n  table 111. 
The nozz le  e x i t  plane cond i t ions  used i n  t h i s  s tudy  are g iven  i n  table I V .  
An entrainment  c o e f f i c i e n t  o f  CL = 1 w a s  used i n  t h i s  s tudy  which, as w i l l  be 
seen ,  s l i g h t l y  underestimates t h e  rate o f  entrainment  o f  water, b u t  does n o t  
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cause g r e a t  e r r o r s  i n  t h e  f i n a l  r e s u l t s .  The r e s u l t s  are shown i n  two forms. 
The form o f  major importance in t roduces  t he  concept o f  number o f  grams o f  
s p e c i e s  per  downstream meter o f  plume. As t he  gases f low downstream o f  the  
ex i t  p lane ,  they e n t r a i n  cool  a i r  and water and they  react chemical ly .  A s  
the  entrainment  process  proceeds downstream, the  gases r a p i d l y  coo l  t o  the  
ambient temperature  and slow t o  t he  speed o f  t h e  a i r  ( i n  t h e  frame o f  refer- 
ence o f  the  motor).  
so t h a t  s e v e r a l  hundred meters downstream o f  t h e  ex i t  p l ane ,  t he  chemical 
r e a c t i o n s  are proceeding a t  a rate t h a t  is n e g l i g i b l e  i n  comparison w i t h  the  
rate a t  the  e x i t  plane.  If one were t o  take a c ross - sec t iona l  s lab o f  t he  
plume i n  t h e  radial d i r e c t i o n  w i t h  a th i ckness  o f  1 m i n  the  downstream direc- 
t i o n  a t  some d i s t a n c e  downstream, such a volume would con ta in  so  many grams o f  
HC1,  so many grams o f  C02, etc.  
downstream meter o f  plume g ives  one an estimate o f  t h e  q u a n t i t y  o f  species being 
depos i ted  i n  the  coo l ,  slowly r e a c t i n g  reg ion  o f  t he  rocke t  plume. 
As the  gases cool ,  the  k i n e t i c  r e a c t i o n s  slow cons iderably  
The number of grams o f  such a species p e r  
Table V is such a l ist  of  s p e c i e s  f o r  a d i s t a n c e  o f  1 km downstream o f  t he  
e x i t  plane f o r  t he  cases de l inea ted .  There are s e v e r a l  t h i n g s  t o  n o t i c e  i n  t h i s  
table.  The amount o f  carbon monoxide i n  t h e  plume t h a t  does su rv ive  a f t e rbu rn -  
i ng  gets larger as the  amount of  en t r a ined  water inc reases .  However, f o r  t he  
mass flows o f  water considered,  a t  no time are there p a r t i c u l a r 1  large quan- 
po in t  t o  recognize from t h i s  table i s  that  the  amount o f  A1203 f l u c t u a t e s  
s l i g h t l y .  
i n e r t  q u a n t i t y .  Hence, t h e  q u a n t i t y  
t i t i e s  of  carbon monoxide, a t  least when us ing  kf(373 K) = IO- I 8  . Another 
I n  the  model of  a f t e rbu rn ing  being considered here, A1203 is an 
(PUA) A1203 = Constant 
That is, i ts  mass flow must remain cons t an t .  If, as one would expec t ,  a t  1 km 
from the  e x i t  p lane ,  the speed o f  t he  aluminum oxide particles i s  roughly the  
same f o r  a l l  cases o f  water entrainment ,  then  the  amount o f  A1203 i n  g/m must 
a l s o  be approximately t h e  same. The table bears t h i s  con jec tu re  o u t ,  t h e  small 
r e l a t i v e  v a r i a t i o n s  i n  A1203 being due more t o  l lnoisell  i n  t he  numerical  scheme 
than t r u e  speed v a r i a t i o n s .  (See ref. 3 . )  The small percentage v a r i a t i o n s  i n  
the  q u a n t i t y  of C02 may a l s o  be considered numerical  %oisef l  v a r i a t i o n s  except  
for t ha t  effect o f  t h e  nonconversion o f  CO t o  C02 dur ing  suppressed a f t e rbu rn ing .  
On the o t h e r  hand, the large r e l a t i v e  drop i n  the  product ion o f  n i t r i c  
oxide w i t h  i nc reas ing  amounts o f  deluge water is due t o  t h e  quenching o f  after- 
burning. S i m i l a r l y ,  t h e  product ion o f  C 1 2  from HC1 f a l l s  o f f  f o r  t he  same 
reason.  The success  o f  these large amounts of  water i n  suppress ing  t h e  high 
temperature  region is shown i n  f i g u r e  3 .  T h i s  f i g u r e  shows cen te r - l i ne  temper- 
a t u r e  as a func t ion  o f  downstream d i s t ance  f o r  the  va r ious  cases. The temper- 
a t u r e  never exceeds t h a t  of  t h e  nozzle  e x i t  plane f o r  the  excess  flow case; 
whereas w i t h  unquenched a f t e rbu rn ing ,  temperatures  rise s e v e r a l  hundred degrees 
above t h a t  of  t h e  e x i t  plane.  
I n  f i g u r e  4 is shown the  ch lo r ine  p a r t i t i o n i n g  o f  the plume among the  
va r ious  poss ib l e  species p resen t  a long  the  c e n t e r  l i n e  o f  t he  plume. The 
decrease o f  a l l  concen t r a t ions  o f  ch lor ine-conta in ing  species a t  large d i s t a n c e s  
downstream o f  the e x i t  plane is due t o  d i l u t i o n  r a t h e r  than  t o  a f t e rbu rn ing .  
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I n  f i g u r e  5 a similar p l o t  is made f o r  combustion spec ie s .  Here are 
p l o t t e d  t h e  mole f r a c t i o n s  o f  H2, CO, H20, l i q u i d  water, C02, and OH i n  t h e  
piume as a func t ion  of the  d i s t ance  downstream from t h e  nozz le  e x i t  plane.  A s  
can be seen,  as a f t e r b u r n i n g  proceeds,  t h e  i n i t i a l l y  dominant concent ra t ion  o f  
CO drops as i ts  molecules move downstream and are oxid ized  t o  become C02. The 
small q u a n t i t i e s  o f  CO which appear  a t  large d i s t a n c e s  are en t r a ined  from those  
r eg ions  of the plume i n  which CO is not  completely burned. A s  can be seen from 
t h i s  f i g u r e ,  t h e  concen t r a t ions  o f  H and OH drop o f f  r a p i d l y  as they  combine 
t o  form water vapor. I n  f i g u r e s  6 and 7 t h e  same chemical s p e c i e s  are shown 
i n  g / m .  
becomes too  large.) 
t i t i e s  of  s p e c i e s  depos i ted  i n  t h e  low temperature r eg ions  o f  t h e  plume. 
(Liquid water is no t  shown i n  t h i s  graph because its va lue  quick ly  
The asymptot ic  va lues  o f  t hese  curves  r ep resen t  t h e  quan- 
It should be noted a l s o  t h a t  i n  t h e  va r ious  cases cons idered ,  larger and 
Consequently, more and more of  larger amounts o f  l i q u i d  water are vaporized. 
t h e  energy o f  t he  plume is used t o  vaporize the  water; as a r e s u l t ,  t he  amount 
o f  energy a v a i l a b l e  f o r  cloud buoyancy is reduced. 
S e n s i t i v i t y  t o  Water Evaporation Rate Coef f i c i en t  
I n  a d d i t i o n  t o  t h e  r e s u l t s  ob ta ined ,  a parametr ic  s tudy  was undertaken 
t o  determine the  s e n s i t i v i t y  o f  t h e s e  r e s u l t s  t o  u n c e r t a i n t i e s  i n  t h e  evapora- 
t i o n  r e a c t i o n  r a t e  c o e f f i c i e n t .  The excess  water flow s i t u a t i o n  was used as 
a tes t  case. I n  t h i s  s tudy  t h e  chemical scheme used w a s  i d e n t i c a l  with t h a t  
of  table I11 except  t h a t  t h e  r e a c t i o n  rate c o e f f i c i e n t  o f  r e a c t i o n  (20)  was 
va r i ed  as shown i n  table  V I .  The r e s u l t s  of  t h i s  s tudy  are a l s o  presented i n  
t h i s  table .  Again, as can be seen i n  t h e  v a r i a t i o n  o f  Al2O3, v a r i a t i o n s  o f  
3 percent  or less must be considered phys ica l ly  meaningless.  However, s e v e r a l  
o v e r a l l  t r e n d s  can be a s c e r t a i n e d  from t h e  r e s u l t s .  A s  t he  ra te  c o e f f i c i e n t  
f o r  evaporat ion o f  water becomes l a r g e r ,  t he  amount o f  HC1 i nc reases  a t  t h e  
expense of  C12; t h e  amount o f  carbon monoxide t h a t  s u r v i v e s  a f t e rbu rn ing  
i n c r e a s e s  s i g n i f i c a n t l y ;  and the  product ion of  n i t r i c  oxide drops r ap id ly .  
The temperature quenching r e s u l t i n g  from t h e  va r ious  water evaporat ion ra te  
c o e f f i c i e n t s  is i l l u s t r a t e d  i n  f i g u r e  8 by the cen te r - l i ne  temperature va r i a -  
t i o n  a long  the  plume. A s  can be seen ,  t he  larger ra te  c o e f f i c i e n t  r e a c t i o n s  
suppress  a f t e rbu rn ing  s t r o n g l y .  
I n  f i g u r e  9 t h e  q u a n t i t y  of  ch lor ine-conta in ing  s p e c i e s  ( H C 1  and (312) i s  
p l o t t e d  as a func t ion  o f  downstream d i s t ance  f o r  s e v e r a l  water evaporat ion 
c o e f f i c i e n t s .  
rate c o e f f i c i e n t  i n c r e a s e s  whereas H C 1  q u a n t i t i e s  remain e s s e n t i a l l y  unchanged. 
I n  f i g u r e  10 the  q u a n t i t y  o f  NO produced is seen t o  drop r a p i d l y  w i t h  increas-  
i n g  rate c o e f f i c i e n t  whereas CO product ion rises ( f i g .  11 1. 
A s  can be seen ,  t h e  q u a n t i t y  of  C12 drops d rama t i ca l ly  as the  
FIELD MEASUREMENTS OF PLUME TURBULENCE NEAR THE LAUNCH PAD 
Another effect  which t h e  launch pad s t r u c t u r e s  w i l l  have on low-a l t i tude  
a f t e r b u r n i n g  is t o  g r e a t l y  i n c r e a s e  t h e  t u r b u l e n t  mixing occur r ing  i n  t h e  flow 
f i e l d  over t he  f r e e - f l i g h t  mixing. Since t h i s  i n c r e a s e  i n  turbulence  w i l l  have 
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d i r e c t l y  measurable effects on plume shape and temperatures ,  measurements o f  
these parameters have been made w i t h  i n f r a r e d  scanne r s  t o  determine the  amount 
of  mixing. 
I n f r a r e d  scanning radiometry o f  rocke t  exhaust  c louds  has  become a s tandard  
p a r t  o f  the NASA launch v e h i c l e  e f f l u e n t s  measurement techniques.  Severa l  com- 
merc i a l ly  a v a i l a b l e  rad iometers  s e n s i t i v e  t o  i n f r a r e d  r a d i a t i o n  from 3 t o  5.6 pm 
have been used t o  s tudy  the  formation and d i f f u s i o n  o f  rocke t  exhaust  c louds.  
The details  o f  t h i s  measurement technique can be found i n  r e fe rence  8. 
Much l i k e  a camera s e n s i t i v e  t o  v i s i b l e  r a d i a t i o n  is able t o  form a tele- 
v i s i o n  p i c t u r e  of  moving o b j e c t s  a t  va r ious  r a d i a n t  i n t e n s i t i e s ,  so  can the  out-  
pu t  o f  a camera s e n s i t i v e  t o  i n f r a r e d  (heat)  r a d i a t i o n  be converted t o  images 
on a cathode ray  tube  ( C R T ) .  By s tudying  the  thermal heat p a t t e r n s  o f  t he  plume 
of  a l i f t i n g  rocke t  veh ic lk ,  it is p o s s i b l e  t o  d i r e c t l y  i n f e r  both mass and 
temperature  d i s t r i b u t i o n s  i n  t he  plume. 
The heat p a t t e r n  o f  a s o l i d  rocke t  motor plume which is  i n  free f l i g h t  
is shown i n  f i g u r e  12. This  i n f r a r e d  scan  was taken  o f  a T i t an  v e h i c l e  on 
March 1 4 ,  1976. The a l t i t u d e  o f  t h e  v e h i c l e  is roughly 3 km. The h o r i z o n t a l  
w h i t e  l i n e  i n  t h e  p i c t u r e  i s  a marker which can measure i n t e n s i t i e s .  The 
isotherm shown i n  the  p i c t u r e  ( t h e  white v e r t i c a l  l i n e  i n  the c e n t e r )  i s  
roughly an i n d i c a t i o n  o f  15 K above ambient or higher .  By measuring t h e  
i n t e n s i t i e s  a long t h i s  plume, the isotherm i n d i c a t i n g  100 K above ambient is  
p resen t  i n  the  t h i c k  par t  a t  the  t o p  of the  p i c t u r e  and i s  well wi th in  t he  t h i n  
v e r t i c a l  plume shown i n  the  p i c t u r e  te rmina t ing  about  1 km behind t h e  nozz le  
e x i t  plane.  
I n  c o n t r a s t  t o  t h i s  f ree-f l ight  behavior o f  a c o n s t a n t l y  narrowing 100 K 
above ambient isotherm,  f i g u r e  13 was taken o f  a l i f t i n g  T i t an  v e h i c l e  on 
May 20, 1975. The a l t i t u d e  o f  the veh ic l e  is about  1 .1  km. The plume shown 
is e n t i r e l y  t he  100 K above ambient or higher  isotherm.  As can be seen ,  
a l though the part of  the plume from 1.1 km t o  near  the pad is cons tan t  i n  
w i d t h  or even decreas ing ,  once the  plume h i t s  t h e  ground a no t i ceab le  spread- 
i n g  of  t h i s  high temperature reg ion  occurs  w i t h  a f a i r l y  ab rup t  te rmina t ion  not  
t oo  far downstream of the  area where the  spreading  first occurs .  
This  is  shown i n  f i g u r e  14  i n  normal and downstream coord ina tes .  Such 
behavior can be s imulated on t h e  computer by assuming more r a p i d  t u r b u l e n t  
mixing. 
With t h e  a f t e r - d e f l e c t i o n  f low f i e l d  data such as those  i n  f i g u r e s  I 3  and 
14 as guides ,  an a n a l y t i c a l  s tudy o f  increased  turbulence  a t  t h e  pad was under- 
taken.  No attempt w a s  made t o  deve1op.a new theory  of t u r b u l e n t  f low i n  t h i s  
kind of s i t u a t i o n .  Severa l  empirical models based on the  concept of mixing 
l eng th  are a v a i l a b l e  a t  t h e  p re sen t  time i n  LAPP. A reasonable  formalism f o r  
the s i t u a t i o n  under s tudy  is  given by Donaldson and Gray i n  r e fe rence  5.  T h i s  
model d i v i d e s  the  flow f i e l d  i n t o  an i n n e r  co re  flow and an o u t e r  developed 
flow. I n  t h e  core  r eg ion ,  the c o e f f i c i e n t  o f  v i s c o s i t y  
12 
where fc  is a func t ion  o f  l o c a l  Mach number M, speed o f  sound a ,  r a d i u s  o f  
t h e  reg ion  r ,  d e n s i t y  p, and v e l o c i t y  u. I n  the  developed reg ion  
where fdv is a d i f f e r e n t  func t ion  o f  t h e  same v a r i a b l e s .  Thus a is a cru- 
c ia l  parameter s i n c e  it scales the  mixing rate i n  both reg ions .  The param- 
eter c1 is set equa l  t o  u n i t y  i n  the  f ree-f l ight  case; f o r  greater turbulence  
it a t t a i n s  higher va lues .  
For the  cases s t u d i e d ,  the  v e h i c l e  is on the  launch pad and the  nozz le  
e x i t  plane is i n  the  proximity o f  t h e  flame t rench .  The t u r b u l e n t  mixing param- 
eter a is assumed t o  be  u n i t y  wi th in  t h e  t rench .  From t h i s  p o i n t  on u n t i l  more 
than 1 km downstream o f  the  e x i t  p lane ,  s e v e r a l  d i f f e r e n t  va lues  o f  a were 
used i n  a paramet r ic  series o f  runs  which inc luded  a = 1 ,  5, IO, 20, and 100. 
The va lues  20 and 100 are phys ica l ly  u n r e a l i s t i c  i n  a l l  bu t  t h e  most v i o l e n t  
o f  mixing s i t u a t i o n s .  
Consider now f i g u r e  15 i n  which is p l o t t e d  the  400 K isotherm f o r  t h e  v a r i -  
ous cases o f  c1 used. Note t h a t  t h e  use o f  a = 5 from 80 m onward g i v e s  a 
f a i r l y  good r ep resen ta t ion  o f  t he  measured isotherm (see f igs .  13 and 1 4 )  i n  
t h e  downstream coord ina te  system. Based on t h i s  tu rbulence  c o r r e l a t i o n  w i t h  
the i n f r a r e d  r e s u l t s  f o r  t h e  f u l l  effects o f  t he  launch pad complex on after- 
burning, t h e  most re l iable  r e s u l t s  are obta ined  by us ing  a = 5. 
The s e n s i t i v i t y  of t he  c e n t e r - l i n e  temperature  t o  these turbulence  va r i a -  
t i o n s  is shown i n  f i g u r e  16. 
a t u r e  o f  t he  plume as a func t ion  of d i s t a n c e  downstream f o r  s e v e r a l  va lues  o f  
a.  As can be seen ,  the  more v i o l e n t  the  t u r b u l e n t  mixing, t he  more quick ly  
a f t e r b u r n i n g  is terminated.  The quenching f o r  a = 5 is  seen t o  be much more 
r ap id  t h a t  f o r  t h e  f ree-f l ight  case  (a I ) .  
I n  t h i s  f i g u r e  is  p l o t t e d  the  c e n t e r - l i n e  temper- 
I n  table  V I 1  is shown t h e  asymptot ic  va lues  o f  t he  amount i n  g/m o f  v a r i -  
ous s p e c i e s  produced. Again t h i s  cond i t ion  r e p r e s e n t s  t h e  excess  water case 
w i t h  k f (T)  = 10'l6fi. As a i n c r e a s e s ,  CO and C12 product ion i n c r e a s e s  and NO 
product ion seems t o  f a l l .  All va lues  have been normalized so  t h a t  a t  a down- 
stream d i s t a n c e  o f  1 km, the va lue  o f  A1203 i n  g/m is t h e  same i n  a l l  cases. 
I n  tab le  V I 1 1  the  combined effects  o f  increased  turbulence  and excess  
water flow are con t r a s t ed  w i t h  what would happen under t h e  same nozz le  e x i t  
plane cond i t ions  f o r  t h e  free-fl ight case. 
CONCLUDING REMARKS 
A computational model o f  the  a f t e r b u r n i n g  processes  occurr ing  i n  a space- 
s h u t t l e - l i k e  s o l i d  rocke t  motor plume has been used t o  s tudy  the s p e c i e s  com- 
p o s i t i o n  and flow p r o p e r t i e s  o f  the  plume i n  the  proximity o f  t he  launch pad. 
The model treats p a r a l l e l  t u r b u l e n t  mixing coupled wi th  f i n i t e - r a t e  chemistry 
between the  plume and the ambient atmosphere. The p r i n c i p a l  p e r t u r b a t i o n s  
considered are the  temperature  quenching due t o  i n j e c t i o n  o f  large q u a n t i t i e s  
o f  water i n t o  the  launch pad flame t r ench  and the  increased  turbulence  due t o  
13 
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both the  i n j e c t i o n  of  water and the  proximity o f  the  plume t o  the  launch pad 
s t r u c t u r e s  and the  s u r f a c e  o f  t he  Earth.  
The evaporat ion o f  the  i n j e c t e d  l i q u i d  water has been modeled as a k i n e t i c  
rate process .  A r e l a t i o n  between the  e f f e c t i v e  evapora t ion  rate c o e f f i c i e n t  
and the  water d r o p l e t  s ize  has been estimated from heat and mass t r a n s p o r t  con- 
s i d e r a t i o n s .  Afterburning c a l c u l a t i o n s  were then  performed by us ing  rate coef-  
f i c i e n t s  corresponding t o  d r o p l e t  radi i  between 0.1 pm and s l i g h t l y  less than  
100 Pm f o r  amounts of  water en t r a ined  varying from 0.65 t o  2.4 times the  e x i t  
plume mass flow. R a d i i  greater than these va lues  are a l s o  considered.  I n  a l l  
cases t h e  p red ic t ed  plume temperatures  are s i g n i f i c a n t l y  lower than those  i n  
t he  free-fl ight case due t o  the  evaporat ion o f  water. 
The increased  turbulence  near  t h e  launch pad has been modeled by vary ing  
t h e  eddy v i s c o s i t y  c o e f f i c i e n t  i n  t h e  t u r b u l e n t  mixing models. Cor re l a t ions  
were then made between the  p red ic t ed  100 K above ambient isotherm and t h a t  
measured wi th  a scanning i n f r a r e d  radiometer  o f  a T i t an  111 exhaust  plume. 
These c o r r e l a t i o n s  show t h a t  i n c r e a s i n g  the  eddy v i s c o s i t y  c o e f f i c i e n t  by a 
f a c t o r  o f  5 over t h a t  used i n  the  free-fl ight case g i v e s  a reasonably good 
r ep resen ta t ion  of  the measured spreading  rate f o r  t he  100 K above ambient 
is0 therm. 
The p r i n c i p a l  a f t e r b u r n i n g  species affected by the  water i n j e c t i o n  and 
increased  turbulence  were found t o  be C 1 2 ,  CO, and NO. The combined effects 
o f  increased  turbulence  and i n j e c t e d  water flow twice t h a t  o f  t h e  mass f low 
through the  nozz le  e x i t  plane are t o  suppress  NO product ion almost completely,  
t o  lower t h e  amount of  C 1 2  produced i n  t h e  plume over  free-fl ight cond i t ions ,  
and correspondingly inc rease  s l i g h t l y  the  HC1 product ion .  I n  a d d i t i o n ,  these 
effects w i l l  produce larger amounts of  CO than i n  t h e  f ree-f l ight  case, but  
t he  r a t i o  o f  C02 t o  CO w i l l  s t i l l  be on t h e  o rde r  o f  a hundred t o  one. 
Langley Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 
Hampton, VA 23665 
December 2 ,  1977 
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TABLE I.- RESULTANT e-FOLDING DROPLETS DECAY TIMES A S  A FUNCTION 
OF KINETIC RATE COEFFICIENT 
[T .is assumed t o  be 373 K] 
Assumed kf(373 K )  . . . . . 10-17 10-16 10-15 10-14 
Resul t an  t e- f o ld ing  
t i m e ,  sec . . . . . . . . . 4 x 10-1 4 x 10-4 4 x 10-5 4 x 10-6 4 x 10-7 
TABLE 11.- DROPLET EVAPORATION TIMES (4 e-FOLDING TIMES) AS 
PREDICTED BY THE DIFFUSION - HEAT FLUX MODEL 
I n i t i a l  d r o p l e t  r a d i u s ,  pm . . . . . . 100 10 1 0.1 
E v a p o r a t i o n  times, sec . . . . . . . . . 5 5 10-2 5 10-4 5 10-6 
16 
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TABLE 111.- CHEMICAL SCHEMEa 
( 1 )  H + C 1  + M = HC1 + M 
( 2 )  H + H C 1  = C 1  + H2 
(3 )  H C 1  + OH = H20 + C 1  
(4) H + H + M H2 + M 
( 5 )  H + OH + M = H20 + M 
( 6 )  OH + OH = H20 + 0 
( 7 )  OH + H2 = H20 + H 
(8)  CO + OH = C02 + H 
( 9 )  0 + 0 + M  = 02 + M  
(10)  CO + 0 + M = C02 + M 
( 1 1 )  0 + H2 OH + H 
(12)  H + 02 = OH + 0 
(14) 0 + N2 = NO + N 
(15)  N + 02 = NO + 0 
( 1 6 )  NO + 0 + M = NO2 + M 
( 1 7 )  NO + OH = NO2 + H 
(18) C 1  + OH = H C 1  + 0 
( 1 9 )  C 1  + C 1  + M = C12 + M 
(20)  Liquid water + N2 + H20 + N2 
(21)  N + N + M  = N2 + M  
(13) O + H +  M = O H + M  
(22)  H + CL2 H C 1  + C 1  
c 
I I 
3 I O - ~ ~ T - I  
8.8 
7.2 x exp (-3 250/RgT) 
1 I O - ~ ~ T - I  
1 x 10-28T-1 
1 x 10-11 exp(-l  O O O I R ~ T )  
4 x IO-1 exp(-5 5OO/R T )  
5 x 10-l3 exp(-600/RgT? 
1 I O - ~ ~ T - I  
2 x 10-29T-1 exp(-4 OOO/RgT)  
3 x exp(-8 200/R T )  
3 x exp(-16 500/EgT) 
2 .3  x 10-10 exp(-75 400/RgT) 
1 .1  x IO-l4T exp(-6 250/R T )  
4.17 x 10-33 exp(+l 860/R $1 
2.8  x exp(-30 OOO/R T )  
3.0 x exp(-9 900/Rg$) 
1.6 x 10-33 exp(+l 600/RgT) 
See t e x t  
5.6 E-3OT-l 
x 10-11 exp(-4 622/R T )  
1 x I O - ~ ~ T - I  
2.0 E-10 
17 
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TABLE 1 V . -  SPACE SHUTTLE SOLID-ROCKET MOTOR EXIT 
PLANE AVERAGE VALUES 
[Space s h u t t l e  da t a  obtained from Ben Shackleford,  
Marshall  Space F l i g h t  Center ,  Mar. 1974) 
Exi t  plane 
s p e c i e s  
A l C l  
A1C12 
A l O C l  
A1203 co 
c1 
Fe 
FeC1 
FeC12 
H 
HC1 
~ 1 ~ 1 3  
co2 
Mole f r a c t i o n s  
0.00003 
.00008 . 0000 1 
.00002 
-07975 
.23205 
.02 120 
.00225 
.00011 
.00001 . 00 122 
.00556 
.I5442 
E x i t  p lane  
species 
Mole f r a c t i o n s  
0.278 12 
.14068 . 0000 1 
.0840 1 . 0000 1 
.00046 
8.1 10-9 
6.9 10-7 
1.2 x 10-10 
2.0 10-7 
5.8 x 
8.6 x 
0.0 
Ex i t  plane cond i t ions  based on an equ i l ib r ium model: 
Pexi t ,  a t m .  . . . . . . . . . . . . . . . . . . . . . . 1 .oo 
Texit-K.. . . . . . . 2308 
Mexit . . . . . . . . . . 2.779 
rexit, m . . . . . . . . . . . . . . . . . . . . . . . . 1.810 
U e x i t ,  m/sec . . . . . . . . . . . . . . . . . . . . . . 2433.8 
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TABLE V.- PLUME COMPOSITION AT 1 km DOWNSTREAM OF EXIT PLANE 
[kf(T)  = 
Entra ined  water flow/Original 
gas flow a t  e x i t  p l anes  . . .  
Spec ie s  
~ 
H C 1  
H20 . . . . . . . . . . . . .  
co . . . . . . . . . . . . .  
A1203 . . . . . . . . . . . .  
NO . . . . . . . . . . . . . .  
Liquid water  . . . . . . . .  
I 
. . . . . . . . . . . . .  
c02 . . . . . . . . . . . . .  
c12 . . . . . . . . . . . . .  
2.4 1.3 0.85 0.65 
Q u a n t i t y  of s p e c i e s ,  g / m  
23 146 
271 081 
360 
46 446 
34 290 
20 
977 
63 162 
~~ 
22 206 
166 145 
97 
47 200 
34 719 
628 
1 990 
15 100 
21 831 
110 054 
76 
47 461 
34 684 
1 207 
2 457 
5 072 
21 405 
85 685 
69 
47 245 
34 452 
1 805 
2 689 
4 218 
TABLE V I . -  PLUME COMPOSITION AT 1 km DOWNSTREAM OF EXIT PLANE 
A S  A FUNCTION OF REACTION RATE COEFFICIENT 
FOR EXCESS WATER FLOW CASE 
[Liquid water  + N 2  + H20 + N2] 
kf(T)  . . . . . . . . . . . . .  10-20 10-17 10-16 10-15 
i-T 
.. . .  
Spec ie s  
H C 1  . . . . . . . . . . . . .  
co . . . . . . . . . . . . .  
NO . . . . . . . . . . . . .  
A1203 . . . . . . . . . . . .  
c02 . . . . . . . . . . . . .  
c12 . . . . . . . . . . . . .  
I 
Q u a n t i t y  of s p e c i e s ,  g/m 
~~ 
1 1 I 
22 215 
157 
47 575 
171 
2 144 
34 778 
23 361 
303 
47 238 
16 
1 014 
34 826 
23 146 23 701 
46 446 42 908 
977 
34 290 33 936 
19 
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TABLE V I 1 . -  FINAL PLUME COMPOSITION AS A FUNCTION OF TURBULENT M I X I N G  
[kf(T) = lO-I6\cT; t h i s  table con ta ins  estimates of  
asymptot ic  va lues  which w i l l  be s l i g h t l y  h igher  
than t h e  va lues  of 1 km downstream1 
a . . . . . .  
HC1 . . . . .  
c1 . . . . . .  
co . . . . . .  
A1203 . . . .  
NO . . . . . .  
H20 . . . . .  
Liquid water . 
c12 . . . . .  
c02 . . . . .  
. . .  
_ _  
. . .  . . .  . . .  
. . .  . . .  . . .  . . .  . . .  . . .  
1 
31 116 
1 321 
27 
487 
62 835 
46 390 
27 
366 628 
85 450 
5 10 20 
Q u a n t i t y  of  s p e c i e s .  g/m 
30 608 
1 834 
37 
547 
64 879 
46 390 
18 
397 779 
80 854 
30 320 
2 030 
43 
554 
62 670 
46 390 
17 
389 870 
65 163 
29 807 
2 448 
65 
615 
62 373 
46 390 
16 
392 607 
60 811 
TABLE V I I 1 . -  QUANTITIES OF SPECIES FOR FREE FLIGHT CASE 
AND 'EXCESS WATER CASE WITH a = 5 FOR SAME VELOCITY 
AND NOZZLE EXIT PLANE CONDITIONS 
HC1.  g/m . . . . . . .  
C 1 2 .  g/m . . . . . . .  
NO. g/m . . . . . . .  !CO. g/m . . . . . . .  Free f l i g h t  29 156 3 282 2 029 106 
100 
28 649 
3 5 6 6  
174 
974 
62 054 
46 390 
15 
398 212 
57 082 
Combined effects 
30 608 
1 834 
18 
547 
20 
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Solid rocket booster exhaust r 
platform 
Figure 1.- Pad sound suppression scheme. 
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Figure 2.- Quenching effects of water on nonreacting shu t t l e - l i ke  plume. Amount 
of water used is very l a rge  and i d e n t i c a l  i n  both cases.  
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Figure 3.- Plume center-line temperature as a function of distance downstream of nozzle 
exit plane for various amounts of water entrained. 
is 10-16\ci;. 
Evaporation rate coefficient used 
1 
10 -l 
10 -2 
IO -3 
IO -4 
0 200 400 600 800 1000 
Distance downstream of exit plane, m 
Figure 4.- Mole fractions of combustion products along plume 
center line as a function of distance downstream of nozzle 
exit plane. Rate coefficient used is 10’16VT. Excess flow 
case; Mass H20/Mass exhaust gas, 2. 
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Figure 5.- Mole fractions of combustion products along plume 
center line as a function of distance downstream of nozzle 
exit plane. Rate coefficient used for water evaporation 
is 10-l6\IT. Mass H20/Mass exhaust gas, 2. 
25 
lo4 
lo3 
lo2 
10 
1 
0 200 400 600 800 1000 
Distance downstream of exit plane, m 
Figure 6.- Quantities of chlorine containing species 
(g/m> in plume as a function of distance downstream 
of nozzle exit plane. 
used is l O - I 6 f i .  
The evaporation rate coefficient 
Mass H20/Mass exhaust products, 2. 
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Figure 7.- Quantities of combustion products (g/m) in 
plume as a function of distance downstream of nozzle 
exit plane. Evaporation rate coefficient used is 
10-l6ff. Mass H20/Mass exhaust products, 2. 
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Figure 8.- Center-line temperature as a function of distance downstream 
of nozzle exit plane in excess water case for several evaporation 
rate coefficients. Mass H20/Mass exhaust gases, 2 
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Figure 9.- Quantities of chlorine containing species in plume (g/m> 
as a function of distance. 
various evaporation rate coefficients. Excess water case 
(Mass H20/Mass exhaust = 2) is considered. 
Downstream of nozzle exit plane for 
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Figure  10.- Q u a n t i t i e s  of n i t r i c  oxide produced by us ing  three 
a l t e r n a t e  evapora t ion  rate c o e f f i c i e n t s .  
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Figure 11.- Quantities of CO surviving after burning using three alternate 
evaporation rate coefficients. 
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Figure  12.- I n f r a r e d  scanner  photograph o f  heat p a t t e r n  from T i t an  111, 
March 14, 1976. A l t i t ude  approximately 3 km. Ambient c louds  and 
ground form background i n t e n s i t i e s .  
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Figure 13.- Infrared scanner photograph of Titan 111, May 20, 1975. 
L-77-389 
Altitude approximately 1.1 km. 100 K above ambient (400 K) 
isotherm is shown for plume. 
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(a) 400 K isotherm of plume in ordinary coordinates. 
E = 0.5. 
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(b) 400 K isotherm of same plume (idealized in 
downstream coordinate system). 
Figure 14.- 400 K isotherms. 
34 
20 
16 - 
- 
a = 5  
20 L 
0 50 100 150 200 2 50 
Downstream distance, m 
Figure 15.- 400 K isotherm f o r  various turbulence parameters 
in three cases until downstream distance reaches 80 m. R 
Mass of entrained H20/Mass exhaust, 0.25. 
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Figure 16.- Center - l ine  temperature as a func t ion  of  d i s t a n c e  downstream 
of nozz le  e x i t  plane fo r  s e v e r a l  d i f f e r e n t  t u r b u l e n t  mixing parameters .  
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